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A FLOW CHANNEL WITH NAFION MEMBRANE MATERIAL DESIGN OF PEM
FUEL CELL
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ABSTRACT

This study is about flow channels in the design of the PEM (Proton Exchange Membrane) fuel cell
system. In the experimental study, different flow geometry, Nafion membrane, and bipolar plate gas diffusion
channel designs are available. In some cases, the techno-economic analysis method is applied. Cost analysis for
the design has also been made and compared with similar studies. It was obtained that the new flow channel
design increased the PEM fuel cell performance. A unit energy cost was set to 42.6 [$/W]. When a similar
system was implemented for a year, the annual energy cost was calculated to be 25.48 [$/y]. The aim of this
study is to determine the cost-benefit analysis of PEM fuel cell with a combined flow channel design. In
addition, the simple payback period was found to be 0.81 [y]. Thus, the PEM fuel cell was determined by the
techno-economic analysis calculation, in which energy savings can be achieved by the flow channel design.
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INTRODUCTION

This century is the age of advanced technology as well as brings current many energy problems.
Therefore, many countries need to produce energy to sustain their lives and developments. Developed and
developing countries are looking for ways to make sustainable and renewable energy work more efficiently.
Many of these countries are working hard to develop similar energy sources, such as wind energy, solar energy,
biomass, fuel cell, wave energy and hydrogen energy, which focus on renewable energy sources.

In particular, the fuel cell is becoming an alternative source of energy and increasing its use. As PEM
fuel cell performance is high and efficient, the demand for PEM fuel cell is growing. Thus, PEM fuel cell design
attracts great attention in all areas of interest to energy systems. PEM fuel cell design energy system technology
development and R & D work are supported by many countries and companies. PEM fuel cell design energy
systems are expected to be used in many sectors in energy production processes.

Scientists and companies working in this field attach great importance to PEM fuel cell design systems.
In addition to PEM fuel cells, hydrogen production becomes more important. NASA, especially for Mars and
other remote lives, continues its work on fuel cells and hydrogen systems that are seeking alternative energy
systems.

This study investigated the techno-economic analysis of PEM fuel cell in combined flow channels. This
study also takes part in similar studies in the literature and is an ongoing study of the previous research project.
There are many studies in PEM fuel cell studies, especially in terms of modeling and analysis methods and these
studies are related to parameters as well as optimizations [1-6].

In the previous experimental study, PEM mentions that the performance of the fuel cell in terms of
pressure and voltage parameters can produce energy at optimum conditions [7]. This study is to model PEM fuel
cell flow channels with energy performance and efficiency design. The subject of this study is the PEM fuel cell
performance analysis, as well as energy analysis and techno-economic analysis [8-13]. In another experimental
study, the open system PEM is about the effect of the fuel cell on the performance of volts, currents, mass air
flows and other parameters in the literature [14].

Thanks to this study, performance parameters of PEM fuel cells are investigated by optimizing PEM
fuel cell performance and wastewater management conditions. In the PEM fuel cell, parameter changes were
applied to the fuel cell to make the performance more efficient under optimum conditions.

Many studies have used Nafion material, which improves performance in the PEM fuel cell and is good

strength in terms of durability [15-16]. Bao et al. [17] explained that moisture is a very important parameter that
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affects fuel cell performance. Zhang et al. [18] observed and interpreted the performance of PEM fuel cells.
Zhang et al. [19] indicated that the PEM fuel cell could affect water intake and output performance in both
experimental and theoretical studies.

Nafion material was used in this study. With this study, PEM (Proton Exchange Membrane) fuel cell is
designed new flow channels and materials that can improve the energy performance by affecting the flow gas
flow in fuel cells.

In addition, Arababi et al. [20] stated that water management, mass and water transfer are important in
the PEM fuel cell system. Dokkar et al. [21] studied the content and properties of the fuel cell membrane,
parameter effects, and ionic conductivity studies. Mirzaei et al. [22] studied the strength and performance of the
hydrothermal synthesized platinum multi-walled carbon nanotube nanocomposite catalyst for PEM fuel cell. La
Manna et al. [23] investigated the pressure gradients and relative humidity of the fuel cell membrane electrode
installation. Kong et al. [24] showed that the rapid administration of water management from the PEM fuel cell
gas diffusion layer had an enormous effect on performance.

When the literature is reviewed, there are many studies on temperature, voltage, current and flow rates
of fuel cell parameters. In this experimental study, the parameters similar to the previous studies were researched
by means of the design of the flow channels. In addition, the cost analysis was calculated according to optimized
conditions.

The main objective of this study is to optimize the flow channels of PEM fuel cells and to highlight
similar studies in the future by emphasizing the significance of bipolar plate and gas diffusion layers. Thus, it is
shown that new approaches to fuel performance of Proton Exchange Membrane fuel cell flow channels will
occur with parameter changes.

During the experimental work of the manufactured PEM fuel cell (BAP project 2018-003), the work
was successfully completed by using electric current cables as well as the power unit, air flow meter pump,
pressure regulator and other hydrogen gas air duct cables from the previous BAP (2016-030) project. The
research project was made considering some optimal conditions. As a result, the manufactured PEM fuel cell
(BAP project 2018-003) was found to be more optimal than the previous project. It contributes to science both in
terms of originality and in terms of novelty and design.

MATERIALS AND METHODS

PEM fuel cell system was experimentally studied in order to improve fuel cell performance by using
different material membranes with different flow channels. Furthermore, the most effective solution with
different flow channels design was produced by trying different combinations with laser cutting. The
experimental study determined a method for different conditions in this direction. Therefore, membrane
production and flow channel design were selected according to optimum conditions for experimental use.

The materials used for the design and manufacture of the fuel cell are given in the following list of
material properties and dimensions were given in Table 1. Graphite Bipolar Plate has a 5 x 5 cm active area
single surface treated with specified design. In this study, graphite material was chosen as fuel cell material
because the graphite material reacts faster and provides better energy transfer. Carbon Paper has been made with
7 x 7 em Avcard GDS3215 material. Silicone & Teflon Gasket’s dimension is 10 x 10 cm thickness. Standard
MEA with Nafion 212 Membrane has a 25 cm? active area. In addition, gasket and GDL (gas diffusion layer) die
cutting material were used for fuel cell directory.

Table 1. The list of material properties and dimensions

No | Material Properties Dimensions
| Graphite Bipolar Plate (single surface treated with the specified design) |5 x 5 cm active
area
2 | Carbon Paper (Avcard GDS3215 material) 7x7cm
3 | Silicone & Teflon Gasket (thickness) 10x 10 cm
4 | Standard MEA with Nafion 212 Membrane 25 ¢cm? active area
Gasket and GDL (gas diffusion layer and catalyst layer) die cutting | 25 cm?

material
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Figure 1, which shows the individual materials and components used in the PEM fuel cell array,
indicates materials and parts of the PEM fuel cell directory. In Figure 1a, GDL (Gas Diffusion Layer), which is
shown, provides the transmission and transmission of gas. GDL was produced from graphite material with the
design of flow channels. In Figure 1b, silicone gasket’s dimensions are 40 cm x 40 cm and 1 mm thickness.
Silicone gasket provides the montage for damping resistance force of PEM fuel cell. In Figure ¢, carbon paper
dimensions are 40 cm x 40 cm and are made of Avcard GDS3215. Carbon paper plays a role in energy
production by providing gas porosity property in the fuel cell. In Figure 1d, catalyst layer material is shown in
detail figure. This layered material ensures the catalyst active action from anode to the cathode for PEM fuel cell.
In Figure le, graphite bipolar plate is produced with 25 ¢m? active area single surface treated with specified
design.

'
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»

d-catalyst layer

e-bipolar plate
Figure 1. Detailed view of the materials of the PEM fuel cell

Figure 2 shows the assembly of the PEM fuel cell system with different flow channel design. In Figure
2, the flow channel, which is one of the assembled fuel cell parts, is made of graphite material and its design is
made by laser cutting. This graphite material is one of the most suitable materials for PEM fuel cell energy
transfer and transmission and it is a high-performance material. Apart from the selection and use of these
materials, Nafion 212 membrane film and carbon paper were combined as fuel cell membrane to obtain the
membrane product to provide optimum gas permeability. Furthermore, it is seen from the shapes in which the
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flow channel in the PEM fuel cell is designed and produced from graphite material other than silicon and bipolar
plates.

a- PEM fuel cell side view b- PEM fuel cell vertical view
Figure 2. A view of PEM fuel cell montage

Figure 2a shows the PEM fuel cell side view. Figure 2b shows the PEM fuel cell vertical view. These
figures present the final production and montage of the PEM fuel cell, which is set up for energy production. A
total of 8 metric stud bolts and nuts were used in the PEM fuel cell assembly. Bipolar plates with gas diffusion
flow channels were used to form the anode and cathode portions of the PEM fuel cell. Membrane and carbon
paper was used in the middle of the fuel cell array to provide energy transfer and permeability. Bipolar plates
with gas diffusion flow channel design (circulating hydrogen gas) were used for energy production.
Subsequently, the catalysis layer was used on both sides. On the outermost, bipolar plates were designed with
silicone material and assembled with studs and bolts.

Figure 3. PEM fuel cell directory by drawing Solidworks programme
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Figure 3 presents the PEM fuel cell directory by drawing Solidworks programme. Materials and actions
are numbered in the PEM fuel cell range. Part 1 consists of a steel alloy bipolar layer. Part 2 is the copper alloy
parts of the catalysis layer. Part 3 is a membrane consisting of Nafion 212 material and carbon paper. Part 4 is
thermocouple and controls the fuel cell temperature. Part 5 is the hydrogen gas outlet. Part 6 shows oxygen gas
and H20 output. Part 7 is the hydrogen gas inlet. Part 8 is the oxygen gas inlet pipe. Part 9 is an anode graphite
material gas flow channel. Part 10 is a graphite gas flow channel where the cathode reaction takes place.

In terms of method and scope, energy efficiency and techno-economic analysis of PEM fuel cell emerge
by applying optimizations in the factors affecting the fuel cell such as current, volts, pressure, power, flow rate,
and air. Production and design based flow model studies are carried out and a more efficient fuel cell system is
obtained. It plays a key role in the success of this project. Energy efficiency results are particularly effective due
to power, volt and current optimizations and advanced simulation modeling (flow mass flow rate and pressure
parameter optimizations).

ENERGY PRODUCTION AND COST ANALYSIS

In this study, the costs of the materials required for the design and design of the PEM fuel cell were
calculated to calculate the techno-economic analysis. These materials are respectively; Nafion membrane,
catalyst layer, carbon paper, GDL (Gas Diffusion Layer) graphite material, silicone gasket and bipolar plates.

In Figure 4, the PEM fuel cell mass and energy balance flow scheme diagram are presented in detail. In
addition, the hydrogen gas tank is 10 [I] in the experiment. Before starting the PEM fuel cell assembly, the H»
tank was filled with H, gas from a large industrial cylinder resistant to H» 400 bar pressure. As shown in Figure
4, the tank H> is calibrated with a pressure gauge to operate the power supply. In addition, the air supply device
is actuated to supply O gas from the air and increase the air flow rate. Subsequently, the PEM fuel cell starts
operating and energy production from H» gas begins. Furthermore, the wastewater generated by the combination
of H, and O, gases in the fuel cell is discharged from the cells.

Pressure
gage

e

Waste water
Figure 4. A diagram of PEM fuel cell mass and energy balance flow scheme

Before the calculation of the energy cost and production, some important mass and energy information
about hydrogen gas should be given. It is assumed that the low-temperature value for hydrogen gas is about 120
MJ/kg and the hydrogen gas density is about 0.08 [g/l]=[kg/m?]. at normal temperature and pressure [7, 25].
Firstly, the maximum amount of energy production can be calculated from Eq. (1) to Eq. (3) as follows [8-9, 25]:

m [kg] = p [kg/m?] X v [m?] M

En [J] = Hu [J/kg] x m [kg] ()
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t[s] = Ppem [W] X En []] 3)

Some similar previous similar studies execute the cost analysis for energy cost for the techno-economic
analysis. An energy cost unit can be calculated from Eq. (4) as follows [26-28]:

Cen [8/W] = 5=t @
Cy [$/y] = Q [ke/y] x Prz [$/ke] ®)

C,, which is the total energy yield, is the multiplication of the H, gas price and the system of PEM fuel
cell mass flow. The unit of energy consumption can be defined as Cg, is. Ceost is the cost of PEM fuel cell
materials and maintenance cost. From Eq. (6), Ceos is the PEM fuel cell cost.

Simple payback period (Pspp), which is to analyze the financial performance, explains as energy
payback time and can prove the profitability evaluation for the system. The simple payback period can be
defined as follows [25, 29-31]:

Ccost
Cy

(6)

Pspp =

In addition, the reaction should be defined clearly. So, the reaction between H, and O, gas can be given
in Eq. (7) as below [7, 14, 32-37]:

H, +% 0,—H,0 energy + heat of the waste (7

The fuel cell anode reaction and cathode can be given in Eq. (8) and Eq. (9), respectively as below:
Anode: H; - 2H+ 4 2e- 8)
Cathode: > O, + 2H* + 2e~ > H0 )
PEM fuel cell’s balance of mass amount can be given in Eq. (10) as follows:

Z Mmip = Z Mout (10)

The notion of the current I can be given as the symbol I with unit [A], the Faraday constant F can be
given as 96485 [C / mol], and n is the ratio of hydrogen gas molar. The equation of the current calculation can be
given in Eq. (11) as follows [33, 35, 36, 38]:

[[A] =2 F [C/mol] x nu2 [mol] (11)

PEM fuel cell’s efficiency can be calculated from Eq. (12) as follows:

_ Veen
Neell = 1.C:8 (12)

In Eq. (13), the production of heat transfer Qu [W] can be determined as below [39]:
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Q= Woee (72-1) (13)

RESULTS AND DISCUSSION

The result of this experimental study is given in the section according to the techno-economic analysis
with energy production of the PEM fuel cell. In the previous study, these results indicated that the experimental
study is very important for the PEM fuel cell durability and life of water waste [7]. The results of this study were
similar to the previous study. In particular, it was observed that the control of water production in the PEM fuel
cell increased the life and durability of the fuel cell [7]. It has been confirmed that if the amount of water
production can be reduced by optimization, the life and cost of the PEM fuel cell can also increase.

In Table 2, the results of the energy analysis can be presented for the energy cost. The mass of the gas
was found to be 0.0008 [kg]. Cases of this study were determined as 2 [W], 5 [W] and 7 [W]. The production
time of cases were found to be 13.3 [h], 5.3 [h] and 3.8 [h]. The flow rates of cases were calculated as 0.52

[ke/yl, 1.3 [kg/y] and 1.82 [kg/y].

Table 2. The energy features of PEM fuel cell results

Energy features Case 1 Case 2 Case 3
2 [W] 5 [W] 7 [W]

m [kg] 0.0008 0.0008 0.0008
En [J] 96000 96000 96000
t [s] 48000.0 19200.0 13714.3
t [h] 13.3 53 3.8
Q [kg/h] 6x107 15x10 21x107
Q [kgly] 0.52 1.30 1.82

In Table 2, energy production is to be found as 96000 [J] and spend the time of energy usage can be
from 3.8 [h] to 13.3 [h] for the PEM fuel cell system. 10 [1] is the end time of the hydrogen gas in the tank.

8

7 \T’

Energy production [W]

: T~
2 \

0 2 4 6 8 10 12 14

Time of energy production [h]

Figure 4. A diagram of PEM fuel cell energy production

In Figure 4, it can be seen a diagram of PEM fuel cell energy production. When the graph is analyzed,
the energy generation time is shortened as the PEM fuel cell power supply reaches 7 [W]. However, the power

generation time is prolonged when the PEM fuel cell power supply is set to 2 [W].
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In Table 3, the total cost of PEM fuel cell material and maintenance (Cost) are about 20.7 [$]. This PEM
fuel cell can produce energy (En) as maximum 7 [W] in the system. It can be calculated as an energy cost. These
cost are given as respectively; the Nafion membrane cost is 3.85 [$], bipolar plate cost is 12 [$], catalyst layer
cost is 2.5 [$], carbon paper cost is 4 [$], silicone gasket cost is 1 [$] and the maintenance of a system cost is 2
[$].

Table 3. The cost of PEM fuel cell materials

N. Material description Item Cost [$]
1 Nafion membrane 1 3.85
2 Bipolar plates 2 24
3 Catalyst Layer 2 5
4 Carbon paper 1 4
5 Silicone gasket 2 2
6 Maintenance 1 2
The total cost of PEM Fuel Cell [$] 20.7

In Table 4, the results of the cost analysis are given below. According to the Table 4, the simple payback
periods are determined as respectively follows; 2.84 [y] of Case 1, 1.14 [y] of Case 2 and 0.81 [y] of Case 3.

Table 4. The results of the cost analysis (Techno-economic analysis)

Techno-economic analysis Case 1 Case 2 Case 3
2 [W] 5 [WI] 7 W]
Ceost [$] 20.7 20.7 20.7
Cgn [$/W] 149 59.6 4.6
Cy [$/y] 7.28 18.20 25.48
Pser [y] 2.84 1.14 0.81
Note: H; price (Pu2) (about 14 [$/kg]) was taken from current price from the gas sellers.

In Table 5, the results of the cell of voltage and performance efficiency are given the detail of version.
According to the Table 5, the performance efficiency are calculated as respectively follows; ncenr 34%, Meeliz 54%

and 1cenz 68%.

Table 5. The results of the cell of voltage and performance efficiency

Ve = 0.5 Veenz =0.8 | Veeaz =1 .0
Vcell 0.5 0.8 1.0
Neell 0.34 0.54 0.68

In Figure 5, it can be seen a diagram of PEM fuel cell voltage and performance efficiency. The
performance of efficiency Vs is the best one, however voltage is the biggest one. So, V2 Optimisation can be
used to get the best perfomance for the PEM fuel cell. In addition, the ratio of the performance is near to the
usage of the voltage amount.
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Figure S. A diagram of PEM fuel cell voltage and performance efficiency

In Table 6, the results of the PEM fuel cell’s heat transfer are presented the according to the Cases.
According to the Table 6, the heat transfer of cases are calculated as respectively follows; Qu is found to be 3
[W] according to the 1cens (Case 1 - 2 [W]), Qu is found to be 1.1 [W] according to the neenz (Case 1 - 2 [W]),
and Qy is found to be 0.5 [W] according to the ncens (Case 1 - 2 [W]). Qu is found to be 7.5 [W] according to the
Neenr (Case 1 - 5 [W]), Qu is found to be 2.8 [W] according to the neeiz (Case 1 - 5 [W]), and Qy is found to be
1.3 [W] according to the neens (Case 1 - 5 [W]). Qu is found to be 10.5 [W] according to the ez (Case 1 - 7
[W1), Qu is found to be 3.9 [W] according to the neenz (Case 1 - 7 [W]), and Qy is found to be 1.8 [W] according
to the Neens (Case 1 - 7 [W]).

Table 6. The results of the PEM fuel cell’s heat transfer

Meell1 Meell2 Meell3
(antH :[V\zl][\/\/]) 3.0 11 0.5
(antH :[V5V][W]) 7.5 2.8 1.3
(Wn(gtH :[V7V][W]) 10.5 3.9 1.8

In Figure 6, it can be seen a diagram of PEM fuel cell’s heat transfer. The heat transfer of efficiency
(according to the Case 1) reaches a low level of the cell performance. However, The heat transfer of efficiency
(according to the Case 3) reaches a high level of the cell performance.
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Figure 6. A diagram of PEM fuel cell’s heat transfer

In addition, it has been concluded that energy efficiency increases in PEM fuel cell when mass flow and
atmospheric conditions are chosen at optimum intervals [14]. In another study, it was mentioned that cell
performance efficiency would increase when control of wastewater discharged from the cell is achieved [20].
Mirzae et al. [22] performed the accelerated endurance test and the fuel cell test station that was produced for
MEAs with optimum conditions.

In the previous study, 52% of the performance was found in the experimental study. In the previous
experimental study, the system was operated as a pressure 1 bar, 1.5 bar, and 2 bar by keeping the pressure
parameters between the parameters 1 and 5 by manually adjusting the pressure regulator. These parameters were
examined over a period of time. In the PEM fuel cell, the H, for proton ion entered the anode reaction portion
through the catalyst. H, passed through the membrane to produce electricity by the action of electrons. To create
a reaction in the cathode part, electrons reacted chemically with O, electrons. Chemical reactions began to occur
at each electrode. Finally, the cycle was completed in the PEM fuel cell. The air and fuel in the PEM fuel cell
passed through the catalyst layers and the fuel flow layer passed to the right side of the PEM fuel cell membrane.
Water vapor, which was produced in the PEM fuel cell system, was the outlet in the system [7].

Wilberforce [40] reported that the pressure drop, along with water management in the fuel cell, has been
affected by some changes to help reduce the pressure drop between the flow channels. In this experimental study,
it was found that pressure affects fuel cell performance. Thus, the calculations made under these conditions were
demonstrated.

According to Table 4, a unit energy cost was found to be 42.6 [$/W] and the annual energy cost was
determined as 25.48 [$/y]. Finally, the simple payback period was calculated as 0.81 [y]. This result showed that
durability and water production in the PEM fuel cell could become more efficient when optimum conditions
were achieved in the fuel cell parameters.

Purge parameters (purge interval and duration) are optimized by wastewater discharge. The optimum
purge time and purge range for the fuel cell was found to be 10 seconds. With this optimization of working
condition parameters, it was determined that hydrogen purity had a very strong effect on total wastewater energy.
Increased hydrogen purity will also improve performance. In the literature, it is seen that various flow design
channel and membrane designs in PEM fuel cells directly increase energy production. In this way, PEM fuel cell
optimum membrane selection and flow channel design is expected to be a model for future similar studies.

CONCLUSION

In this study, it was determined that combined and different flow channel designs increased fuel cell
performance. In addition, it was seen that wastewater management in PEM fuel cells was provided in optimum
conditions in appropriate membrane production and selection.
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The result of the techno-economic analysis is determined as Case 3 (7 [W]), which is selected for the
best result. The result of energy consumption was found to be 42.6 [$/W]. The total of the energy yield is
calculated as 25.48 [$/y]. In addition, the simple payback period is found to be 0.81 [y].

At the end of this study, following the micro-scale modeling and simulation studies in PEM fuel cells, it
was seen that techno-economic analysis should be performed and optimum energy production should be
determined according to the appropriate parameters. According to the experimental studies, the PEM fuel cell
was found to be original and novel. This is due to the fact that the choice of the membrane in the PEM fuel cell
increases performance when selected in accordance with the energy permeability.

According to these results, the cost decreases as power density increases. But the initial investment cost
remains high. In order to solve this problem, hydrogen gas should be used continuously and for a long time as
fuel. In addition, it is obvious that the material is chosen as a high-temperature resistant material. As a result of
these studies; it is expected to benefit the automotive and energy sectors. Compared to the previous experimental
study, the PEM fuel cell was improved energy performance by producing the original design of the fuel cell. In
particular, motor vehicles (automotive and aerospace sectors) have been growing increasingly interested in the
fuel cell, and the PEM fuel cell demonstrates the increase in R & D work on the fuel cell.

As a result, the fact that the fuel cell is unique manufacture compared to the previous study makes the
performance efficient compared to the previous study. In this study, it is seen that the control of water production
in PEM fuel cell increases the life and durability of the fuel cell and it provides a great advantage based on the
other study. Thus, it was determined that the life and cost of PEM fuel cell could be increased by adjusting the
water production amount.
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NOMENCLATURE

Symbols and Units

Cgy The unit of energy consumption, $/W
Ceost Cost of the energy system, $
Neell Cell performance, %

Cy Total of the energy yield, $/y
E Amount of energy, J

En Energy, kJ

F Faraday constant, C/mol

1 Current, A

My Inlet mass, kg

Moyt Outlet mass, kg

P Power, W

P2 Hydrogen gas price, $/kg
Pspp Simple Payback Period, year
Q Mass flow, kg/h

Qu Production of heat, W

Vel Tension of fuel cell, V

Whet Electric power, W
Abbreviations

)y Sum
H, Hydrogen gas
0, Oxygen gas
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A Ampere

C Coulomb

e Electron

H* Proton hydrogen ion

H,O Dihydrogen monooxygen
GDL Gas Diffusion Layer

J Joule

1 liter

PEM Proton Exchange Membrane

S Seconds

SPP Simple Payback Period
t Time, s

A% Voltage

W Watt
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